Yellow rust caused by Puccinia striiformis is a significant wheat disease in cereal growing areas worldwide. On average, yellow rust can cause 50% big yield damages resulting in economic losses. Yellow rust damages wheat leaves, leaf sheaths, awns, and glumes. Puccinia striiformis is divided into four lineages -P. striiformis sensu stricto, P. pseudostriiformis, P. striiformoides, P. gansensis. Different races of yellow rust have been determined. After 2000 three new aggressive races -'Warrior', 'Kranich' and 'Triticale aggressive' have been identified. New races are characterized by shorter latent period, extended spore germination and tolerance to a high temperature in comparison with the races determined before 2000. These characteristics allowed the new races to replace races dominant before 2000. Yellow rust is a biotrophic heteroecious fungus with a complicated life cycle. For successful development, Puccinia striiformis requires cereals as primary hosts and Berberis spp. as alternate hosts. The history of studies regarding yellow rust is more than two hundred years old but only in 2010 the ecidiospores of yellow rust were found on the alternate host Berberis spp. Two types of resistance -seedling (or all-stage) resistance and adult plant resistance (APR) were discovered. Since 2000 multiple severe epidemics of yellow rust have been observed in cereal growing areas with warmer climate. In recent years, the incidence of yellow rust in Latvia has increased. Particular studies about the biology, distribution, and races of Puccinia striiformis in Latvia are necessary. This article summarizes the information about the classification, biology and harmfulness of the yellow rust.
Introduction
Yellow rust Puccinia striiformis Westend. (Pst) is one of the most harmful wheat pathogens in cereal growing areas present in all continents except Antarctica (Chai et al., 2014) . Chen (2005) reported that at early infection on susceptible varieties yield losses can reach 100% but on average yield losses can vary 10 -70% during the epidemics. The amount of damaged yield is measured in millions of tons and causes significant financial losses (Wan et al., 2004; Wellings, 2007) . Wellings (2011) concluded that Pst is the most significant threat to wheat production.
Pst is a biotrophic heteroecious fungus (Chen et al., 2014; Hovmøller et al., 2016) . Cereals as primary hosts and Berberis spp. as alternate hosts are necessary for successful development of yellow rust (Jin, Szabo, & Carson, 2010) . Yellow rust has been investigated since the 18th century (Stubbs, 1985) but only after 2000 harmful epidemics were observed. Nowadays new aggressive races of Pst have been identified.
Yellow rust is widespread in major wheat producing regions like the Middle East, China, US, Australia (Chen, 2005; Yahyaoui et al., 2002; Wan et al., 2004; Wellings, 2007) . Hassebrauk (1965, cited by Hovmøller et al., 2011) reported that 320 grass species from 50 genera can be infected with Pst with artificial or natural infection. Yellow rust can cause epidemics on barley in Europe and America (Brown et al., 2001; Macer & Driessche, 1966) . Epidemics on rye are not frequent nowadays (Stubbs, 1985) .
Wheat infection at the seedling stage usually results in reduced root growth, plant height, and dry matter production, size and number of flowering spikes, and the size of grains also is less than expected. Infection during anthesis reduces root weight and the amount of yield (Wellings, 2011) . Yield losses in wheat from Pst infections are usually the result of reduced grain number per spike, low test weight and reduced grain quality (Roelfs, Singh, & Saari, 1992) .
Information about the incidence of Pst and influence on the yield in Latvia is not clear. Eglitis (1938) reported that yellow rust in Latvia is harmful only on wheat. On barley, until 1938 one observation was registered in Priekuli but on rye yellow rust was not observed. In 1970-80, periodic observations of the Pst were made in the breeding fields in Stende (Strazdina, 2017, personal communication). Systematic observations about the incidence of Pst in Latvia have not been performed, sporadic observations of the pathogen have been made (Bankina, Jakobija, & Bimsteine, 2011). In 2010 severe infection was observed on winter wheat in Stende. In 2015, extensive infection was observed on winter and spring wheat in Kurzeme near the coast of the Baltic Sea. In 2016 yellow rust was observed in the whole territory of Latvia (Strazdina, 2017, personal communication).
The aim of this article is to summarize the information from literature about Puccinia striiformis Westend. with emphasis on classification, biology, and harmfulness of the yellow rust.
Materials and Methods
Monographic method has been used for this study. Scientific literature from different countries AGRICULTURAL SCIENCES (CROP SCIENCES, ANIMAL SCIENCES) DOI: 10.22616/rrd. 24.2018.053 regarding to wheat pathogen causing yellow rust Puccinia striiformis Westend, its biology, evolution and distribution has been summarized.
Results and Discussion

Symptoms
Yellow rust damages wheat leaves, leaf sheaths, awns and glumes. Chlorotic flecks on primary host leaves can be observed 6 -8 days after inoculation (Chen et al., 2014) . In these flecks, 0.4 -0.7 mm long and 0.1 mm wide uredinial pustules that can contain thousands of dikaryotic uredospores are located. Uredospores visually remind yellow to orange powder, each spore has an ellipse to obovoid form with the size of 24.5 × 21.6 μm. Sporulation starts from 12 to 14 days after inoculation (Chen et al., 2014) , depending on temperature, moisture, and host resistance. During the development, yellow rust can be observed as orange, narrow stripes usually between leaf veins. Approaching the host senescence or when the temperature is high, telia are produced. Telia usually are pulvinate to an oblong form, 0.2 -0.7 mm long, 0.1 mm wide. Teliospores are dark brown, rounded, flattened at the vertex from 24 -31 until 56 -65 μm long and from 11 -14 -until 25 -29 μm wide (Chen et al., 2014) .
During severe epidemics, awns and glumes can be infected. On resistant plants, Pst appears as small flecks with chlorosis, necrosis and limited spore production or do not show any visual symptoms. On seedlings, Pst does not appear as narrow stripes between leaf veins but covers all leaf surface as small spots (Chen et al., 2014) .
On the upper side of the alternate host Berberis spp. leaves yellow to orange flask-shaped pycnia with oblong-shaped pycniospores can be observed. On the lower side of the alternate host Berberis spp. leaves sunflower-shaped aecia with spherical-shaped aeciospores can be found.
Taxonomy
The common names of Puccinia striiformis Westend. are yellow rust, stripe rust, and glume rust. In literature, the first time yellow rust was mentioned in 1777 by Gadd but taxonomically named as Uredo glumarum in 1827 by Johann Carl Schmidt (Eriksson & Henning, 1896 cited by Stubbs, 1985 (Hovmøller et al., 2016) , resulting from asexual reproduction. The evolution of sex as an ancestral trait was used in the searches of origin (Hovmøller et al., 2011) . Despite many researches and recent discoveries, the center of origin of Pst and diversity of population have not been clarified yet. Research in this field continues and information about the race composition and DNA diversity in separate geographical regions will improve scientific knowledge about the pathogen diversity.
Races
The most significant traits in relation to gene and genotype diversity are virulence and race. In the process of mutation (genetic variation) new alleles and genotypes are derived. Flor (1956 cited by Sørensen, 2012) defined the gene-for-gene hypothesis that was the basics for race identification. Gene-for-gene hypothesis is based on host resistance genes related to pathogen avirulence genes, if they make pairs, the host is resistant and vice versa. (Boshoff, 2002) . Since 1990s, studies of Pst population structure and diversity have been successfully applied because of the development of biotechnology and molecular marker techniques (Hovmøller et al., 2011) .
Since 2000 epidemics of yellow rust have been observed in warmer cereal growing areas where Pst had not been found previously. In 2000 yellow rust caused epidemics in the South, Central and Eastern United States. In these territories, yellow rust has been rare because of high temperatures during the growing season (Chen et al., 2000) . These epidemics were caused by pathogen isolates that were different from isolates identified before 2000 in terms of AFLP and virulence phenotype (Markell & Milus, 2008) .
In 2000 in Central Europe, an aggressive strain of yellow rust PstS2 was determined (Hovmøller et al., 2011) . PstS2 is related to PstS1, these strains were found in many areas within five continents. In the Mediterranean / Middle East region on several wheat cultivars epidemics were observed but most of the cultivars stayed resistant (Abbasi et al., 2004) . Between 2000 and 2002 fast and broad spread of yellow rust was observed (Hovmøller et al., 2008) . To compare these strains with North American races and typical northwestern European races (races typical before 2010) different virulence phenotypes were found but the evolutionary origin was common (Hovmøller et al., 2011) . After 2011 new races -'Warrior', 'Kranich' and 'Triticale aggressive' were identified. In Europe, yellow rust race 'Triticale aggressive' was detected in 2006 on the island of Bornholm in the Baltic Sea. 'Warrior' replaced races found before 2011, 'Kranich', 'Triticale aggressive' were found in certain regions and/or crop types. All three races had spread in large areas within one or a few years. Races of non-European origin have been found in different areas 1-2 years after the first detection (Hovmøller et al., 2016) .
Only a few of the European races recognized between 2000 and 2010 were found from 2011 to 2014. New aggressive races have different molecular characteristics, higher genetic diversity in comparison with the existing European population. New races produce a lot of telia which indicates that aggressive races have evolved from sexual populations (Hovmøller et al., 2016) . The composition of races changes quickly; research about the incidence of specific races in different geographic regions is necessary to understand the possibilities of development and distribution of new races.
Resistance
Host resistance plays an important role in successful disease control. Development of new resistant cereal varieties is the main task for plant breeders and scientists (Singh et al., 2004 Yellow rust can infect susceptible wheat varieties at any plant growth stage while the plant parts are green. There are two main types of resistance -seedling (or all-stage) resistance and adult plant resistance (APR) (Chen et al., 2014) .
Seedling resistance is race specific (Johnson, 1992) . It is qualitatively inherited and expressed during all plant growth stages. Seedling resistance is controlled by single genes with major effects or simple combinations of single genes. Changes in single-genes increase the virulence in Pst populations. Single genes resistant to yellow rust are called Yr-genes. 41 from 55 catalogued Yr genes refer to seedling resistance and 14 to APR genes (Chen et al., 2014) .
Adult plant resistance is commanded by one or several quantitative trait loci. In prevalence with some exclusions, APR is described as quantitatively inherited, non-race specific and provides durable resistance (Chen, 2005 (Chen, , 2013 . During the seedling stage, plants with APR are susceptible to yellow rust, resistance comes effective at post-seedling development (Boyd, 2006) . APR shows better yield protection if it starts in early growth stages in comparison with resistance starting from flag leaf emergence (Chen et al., 2014) . APR is influenced by temperature and crop nutritional status; high nitrogen level can provoke more serious disease expression (Chen, 2005 (Chen, , 2013 . High-temperature adult plant resistance (HTAP) becomes more effective with increasing temperature (Chen, 2005) .
Plant resistance and its reaction -virulence/ avirulence to pathogen isolates are traditionally evaluated on seedlings. For assessment of virulence or avirulence by phenotyping method differential sets are used. They consist of different wheat varieties with known resistance genes. Inoculation of wheat varieties with spores of Pst is performed under controlled conditions. Two different scales -from full resistance (specific resistance genes are present) to full susceptibility (specific resistance genes are not present) are used to assess the level of leaf damages. . Scales are divided by ranging from no visible symptoms, chlorosis and necrosis to density of sporebearing pustules (Chen, 2005) . If the interaction is compatible, it is scored as a high infection type, if interaction is incompatible -a low infection type on differential lines . The present differential set for Pst race identification is composed of 20 wheat lines (Chen et al., 2009) . In different regions various differential lines are used (Bayles et al., 2000; Wan et al., 2007; Wellings, 2007) , depending on commercial wheat cultivars but race nomenclature system has stayed similar since the 1960s.
Life cycle
Until 2010 it was assumed that Pst is an autoecious micro-cyclic pathogen. In the last century efforts to identify the alternate host of Pst by infecting different plant species with germinating teliospores have failed (Jin et al., 2010) and detailed information about the sexual host of yellow rust stayed a mystery (Wellings, 2011) . Berberis spp. and Mahonia spp. were suspected to be the alternate hosts of Puccinia striiformis because of related rusts found on these plants (Mains, 1933 , cited by Stubbs, 1985) . The sexual stage of yellow rust on Berberis spp. and Mahonia spp. was described by Jin, Szabo, & Carson (2010). He observed pycnia on Berberis spp. leaves when aecia were developed on the bottom side of the leaf. Jin, Szabo, & Carson (2010) proved that Berberis spp. is the alternate host of yellow rust by successful infection of wheat with aeciospores from B. chinensis that resulted in uredinia. Molecular analysis -real-time polymerase chain reaction and DNA sequence -affirmed the identity of P. striiformis (Jin et al., 2010 (Chen et al., 2014) . Alternate hosts help pathogen to survive between cropping seasons. As the global distribution of Berberis spp. is not clear, it is difficult to predict the influence of sexual reproduction on the dynamics in P. striiformis populations at global scale (Hovmøller et al., 2011) . Although the sexual stage of Pst has been proved (Jin et al., 2010) , the influence of sexual reproduction on Pst dynamics (Hovmøller et al., 2011) and origin of epidemics is not known.
Previously it was assumed that yellow rust is a low-temperature pathogen and is distributed in temperate climate zones with cool and moist weather conditions (Chen et al., 2014) or in warm territories with cold nights (Stubbs, 1985) . To compare with other rusts, Pst is more sensitive to meteorological conditions such as moisture and air temperature that play a significant role in germination and infection processes (Chen et al., 2014 For successful inoculation moisture on leaf surface is necessary. Relative humidity should reach more than 50% for sporulation to occur (Zadoks, 1961; Rapilly & Fournet, 1968 , both cited by Chen et al., 2014 ). Cereal density influences moisture level between the plants. The development of yellow rust is slower if the length of the day is shorter or the light intensity is lower (Wellings, McIntosh, & Hussain, 1988) . Stubbs (1985) reported that light intensity during the seedling tests should be over 10,000 lux. Yellow rust is sensitive to UV light and air pollution that negatively influences the germination of uredospores (Sharp, 1967, cited by Chen et al., 2014) .
Pst can migrate long distances and spread spores with the help of wind (Chen et al., 2014; Hovmøller et al., 2016; Hovmøller et al., 2017) and human-assisted transport . If the winter is severe, spores of yellow rust can die and wind is the only way how to spread (Hovmøller, Justesen, & Brown, 2002) . Uredospores can spread thousands of kilometers from the primary infection areas (Chen et al., 2014 Pst has a complicated life cycle with five various stages (Hovmøller et al., 2011) and it requires an alternate host to complete a full growth cycle (Jin, Szabo, & Carson, 2010) . Uredospores, teliospores and basidiospores infect primary host (Hovmøller et al., 2011) on alternate host pycniospores, and aeciospores of Pst are formed.
Uredospores are dikaryotic and can be formed asexually (Buller, 1950 , cited by Rodriguez-Algaba et al., 2017). Each uredinium produces spores over the period of several days and causes epidemics on the primary host. Uredospores can be produced several times during the season. In later host growth stages telia are formed that produce two-celled teliospores. Teliospores have two thick-walled cells each containing diploid in karyogamy formed nucleus. In similar conditions, the capability to develop telia can be different between isolates (Chen et al., 2012) .
Teliospores can germinate immediately without a dormancy period. Germinating teliospores through karyogamy meiosis produces haploid basidiospores (Leonard & Szabo, 2005 ) that infect alternate host Barberry spp. After a pycnia with pycniospores is formed on the upper side of the leaf. After fertilization a mycelium is formed, it grows through the leaf, and aecia with dikaryotic aeciospores is formed on the lower side of the leaf (Chen et al., 2012) . When climatic conditions are favourable -a high level of humidityaecia crack, unclose and exempt aeciospores that can infect gramineous hosts if they are near. The full life cycle can continue for two growing seasons of the primary host (Hovmøller et al., 2011) .
Conclusions
Life cycle of Puccinia striiformis Westend. has changed and it has been revealed only over the last two decades.
New aggressive races of yellow rust have adapted to high temperatures and can spread more effectively in cereal growing areas.
